We have studied the magnetism in superconducting single crystals of EuFe2As1.4P0.6 by using the local probe techniques of zero-field muon spin rotation/relaxation and 151 Eu/ 57 Fe Mössbauer spectroscopy. All of these measurements reveal magnetic hyperfine fields below the magnetic ordering temperature TM = 18 K of the Eu 2+ moments. The analysis of the data shows that there is a coexistence of ferromagnetism, resulting from Eu 2+ moments ordered along the crystallographic c-axis, and superconductivity below TSC ≈ 15 K. We find indications for a change in the dynamics of the small Fe magnetic moments (∼ 0.07 µB) at the onset of superconductivity: below TSC the Fe magnetic moments seem to be "frozen" within the ab-plane.
We have studied the magnetism in superconducting single crystals of EuFe2As1.4P0.6 by using the local probe techniques of zero-field muon spin rotation/relaxation and 151 Eu/ 57 Fe Mössbauer spectroscopy. All of these measurements reveal magnetic hyperfine fields below the magnetic ordering temperature TM = 18 K of the Eu 2+ moments. The analysis of the data shows that there is a coexistence of ferromagnetism, resulting from Eu 2+ moments ordered along the crystallographic c-axis, and superconductivity below TSC ≈ 15 K. We find indications for a change in the dynamics of the small Fe magnetic moments (∼ 0.07 µB) at the onset of superconductivity: below TSC the Fe magnetic moments seem to be "frozen" within the ab-plane. Since the initial observation of superconductivity in the iron pnictides in 2008 [1] , research in this field has been very intense, leading to the discovery of several Fecontaining compounds with superconducting transition temperatures T SC as high as 55 K in SmFeAsO 1−x F x [2] . These FeAs-based compounds have a FeAs layer separated by a charge reservoir composed of RO (R is a rare earth, so-called 1111), alkali atoms or Eu(122), Li and Na atoms (111), or perovskite layers (42622). This led to the classification of the Fe-containing superconductors in several families, with different properties among them mainly due to their various structures [3] . The 122 family is particularly interesting because the structural and magnetic spin density wave (SDW) phase transition for the parent compound are at the same temperature, differing from the 1111 family where T S is above T N [4] [5] [6] [7] .
For the EuFe 2 As 2 parent compound, the Fe lattice develops an antiferromagnetic SDW transition around 190 K, while Eu moments order antiferromagnetically around 20 K [8] . Superconductivity is induced by doping and external pressure, and the interplay between magnetic order and superconductivity has been extensively studied. For example, superconductivity appears under external pressure at 30 K [9] , and a reentrant behavior is found close to 20 K, where Eu moments align antiferromagnetically [10] . The effect of an external magnetic field is also remarkable, since a spin reorientation for Eu moments to ferromagnetic ordering is seen for an applied field as high as 3 T [11] . Although doping on either the Eu or Fe sites also induces superconductivity [12, 13] , the most interesting case may be doping the As site by P, where recent studies have implied a change of valence state for Eu [14] , an increase of T SC up to 48.3 K under external pressure [15] , and evidence for coexistence of ferromagnetism and superconductivity [12, 13, [16] [17] [18] .
Most recently, 151 Eu and 57 Fe Mössbauer studies on polycrystalline EuFe 2 As 2−x P x samples were reported [19] . The results of those studies will be compared in detail with those of our paper. We will show that due to the use of (i) single crystals and (ii) an additional local probe, namely muon spin rotation/relaxation (µSR), we are able to gain new insight on the interplay between magnetism and superconductivity in this compound.
In this work, we performed resistivity, magnetization and spectroscopic measurements ( 57 Fe/ 151 Eu Mössbauer and µSR) on EuFe 2 As 1.4 P 0.6 single crystals prepared by G.F. Chen's group in China. Resistivity measurements were performed with a PPMS system using the transport mode at CBPF in Brazil, and magnetization was measured with a SQUID magnetometer by the McMaster group in Canada. Zero field µSR spectra were taken at the M20 beamline in TRIUMF, Canada.
57 Fe and 151 Eu Mossbauer studies were performed at CBPF in a 4 He variable temperature cryostat, moving the 57 Co:Rh and 151 Sm 2 O 3 sources in sinusoidal mode and kept at the same temperature as the sample. As an absorber, a single crystal mosaic was prepared from thin platelets (t ≈ 15 µm), with the single crystal mosaic c-axis perpendicular to the absorber plane.
Resistivity measurements were carried out on several crystals without external magnetic field, yielding for all of them the same drop in resistivity around 15 K, as shown in Fig. 1 . The metallic behavior of the single crystal above the transition, as expected for the iron pnictide superconductors, can be seen in the left inset of Fig. 1 . Application of an external magnetic field up to 7 T parallel to the c-axis results in a downshift of the resisitivity curves, giving H c2 ≈ 10 T. A small deviation from linear- ity around 20 K is observed for the resistivity curve. It is suppressed as the external magnetic field increases and disappears for 7 T. This behavior is probably caused by Eu spin fluctuations around the magnetic order at T M = 18 K, which are suppressed by the external field.
The magnetic susceptibility of a EuFe2As 1.4 P 0.6 single crystal was measured with a SQUID magnetometer with the c-axis both parallel and perpendicular to the applied magnetic field. The data shows an anomaly around 18 K that is related to the Eu moments ordering, and the Meissner effect is clearly observed below 15 K. This inferred superconducting transition temperature agrees well with our resistivity results, and so we have both magnetism and superconductivity coexisting in the same sample. The magnetic order of the Eu 2+ sublattice is suspected to be ferromagnetic, as fitting our high temperature data in the paramagnetic regime to a Curie-Weiss law yielded θ = 25 K. No further ordering coming from impurities or the Fe lattice is observed, so we assume that the doping has fully suppressed the SDW ordering for Fe atoms.
Zero field µSR measurements were performed with the initial muon spin polarization perpendicular and parallel to the c axis of the crystal. A clear precession signal was observed in the ZF-µSR time spectra below T M for µ spin ⊥ c, as shown in Fig. 3(a) . On the other hand, oscillations were not observed for µ spin c. These results indicate that the internal field B at the muon site is essentially parallel to the c axis. The muon precession frequency (Fig. 3(c) ) corresponds to internal fields greater than 1 T at low temperature, indicating that the Eu 2+ ordered moments are quite large, as generally expected for this magnetic atom. The magnetic volume fraction (Fig. 3c) obtained from the signal amplitudes in the ZF-µSR spectra for the two different initial muon spin orientations indicates that Eu 2+ moments are ordered in almost the entire volume. Figure 3(d) shows temperature dependence of the muon relaxation rate 1/T 1 which was derived from the spectra shown in Fig. 3(b) . The relax-ation rate exhibits divergent behavior at T M , suggesting the critical slowing down of Eu 2+ moments. There is a small peak of 1/T 1 at T ∼ 16 K, which might be related to some magnetic anomaly at the onset of the superconducting state. We attempted to detect the superconducting response of the single crystals with µSR by searching for flux expulsion or the field-broadening effects of a vortex lattice, but it was not possible due to the intrinsic magnetism of the sample.
151 Eu Mossbauer spectra were taken at room temperature and at 4.2 K. With this technique we can not only determine the direction of the Eu moments with respect to the crystallographic axes, but we also can see whether or not there is a Eu valence change due to P doping as proposed by Sun et. al. [14] , since Eu 2+ and Eu 3+ are easily distinguished by their different isomer shift values. All spectra were fitted with the full Hamiltonian model [20] . The room temperature spectrum in Fig. 4(a) does not show any evidence for the Eu 3+ valence, as only an absorption line related to the Eu 2+ valence was observed, in agreement with recent polycrystalline work [19] . The isomer shift value is δ =-11.8(2) mm/s, and the quadrupole splitting ∆E Q =-3.5(6) mm/s. At 4.2 K the spectrum is magnetically split due to the magnetic ordering of the Eu moments. The hyperfine parameters are δ =-11.8(1) mm/s, ∆E Q =-4.1(8) mm/s, B HF =28.4(2) T, θ = 12 (8) degrees, values indicating that the Eu 2+ moments are aligned almost parallel to the crystallographic c-axis. This is in agreement with P doping or application of an external magnetic field that breaks the weak coupling between AF coupled Eu layers, and reorients the moments along the c-axis, resulting in a FM ordered state [12, 17, 19] . All the hyperfine parameters given above essentially are in agreement with those found in polycrystalline samples of EuFe 2 As 1−x P x by Nowik et. al. [19] .
57 Fe Mössbauer spectra were taken at room temperature and in the range 2 − 50 K; some of these spectra are shown in Fig. 4 (b) . The asymmetric shape of the spectrum is due to the orientation of the electric field gradient principal axis V ZZ with respect to γ rays. The intensity ratio of the two quadrupole lines is given by
, with θ being the angle between V ZZ and the γ-ray direction. Fitting of the spectrum results in θ =15(2) degrees. Since V ZZ is parallel to the c-axis [21] , as have been found for similar single crystalline compounds, we have to conclude that some of the small single crystal platelets are slightly misoriented. As the temperature approaches 20 K the linewidth increases continuously. The fits of these data were performed taking constant ∆E Q =0.40(1) mm/s below 20 K; this is expected for metallic systems at low temperatures in the absence of a structural phase transition. For example, the increase in ∆E Q observed by Alzamora et. al. mm/s. Below 18 K the shape of the spectrum exhibits a dramatic change, indicating the presence of a transferred magnetic hyperfine field coming from ordered Eu atoms. The spectra have been fitted with one component only. This is in sharp contrast to the finding of Nowik et. al. [19] who measured 57 Fe spectra of polycrystalline EuFe 2 As 1−x P x , where two Fe components clearly have been found. The behavior of the hyperfine field, linewidth, and the angle between the hyperfine field and the c-axis are shown in Fig. 5 . The isomer shift value is δ = 0.36(1) mm/s, with negligible variation in temperature.
We can see in Fig. 5 that for T SC ≤ T ≤ T C , both the transferred magnetic hyperfine fields at the muon site and the 57 Fe nuclei are the same, using the muon gyromagnetic ratioγ = 135.54 MHz/T. This indicates that the muons are likely sitting within the FeAs(P) layers on sites which are magnetically equivalent to the Fe lattice sites. Both the muon and Fe nuclei are only sensing the ordering of the Eu magnetic moments occurring below T C and there seems to be no contribution coming from a Fe magnetic moment. However, for T ≤ T SC we find B hf ( 57 Fe) > B hf (µ) (refer to Fig. 5(a) ) and at the same time an abrupt change in θ (angle between direction of B hf and c-axis) from θ ≈ 0 o to θ ≈ 40 o (Fig. 5(c) ). Also the linewidth Γ has a maximum at T SC (see Fig. 5(b) ) and not at T C as expected.
All these facts could be explained as follows: the fluctuation rate of the small Fe moments, having a magnitude of the order of µ F e ≈ 0.07 µ B [18] , is slowing down in the temperature region from 50 K to T SC resulting in an increase in the 57 Fe linewidth. For T ≤ T SC the magnetic moments "freeze" within the ab-plane resulting in an increase in the magnetic field at the 57 Fe nucleus (a magnetic moment of µ F e = 0.07 µ B corresponds to a magnetic hyperfine field B F e = 1 T [22] ) and a canting of B hf = B hf + B F e , with B hf and B F e being parallel and perpendicular to the c-axis, respectively. We are not aware that such a change in the dynamics of the Fe magnetic moment at the onset of superconductivity has been seen in pncitides before. It is not clear, however, whether this change in the Fe moment dynamics is a necessary condition for forming the superconducting state, or if it is resulting from the formation of the superconducting state. Independent of this, we have strong evidence that the coexistence between ferromagnetism and superconductivity is indeed present in this pnictide and not an artifact caused by phase separation, as claimed by Jeevan et. al. [17] . This just follows from the two facts: (i) hyperfine parameters from µSR, 57 Fe and 151 Eu probes clearly show the presence of only one, namely, a magnetic phase and (ii) the onset of superconductivity is reflected in the hyperfine paramenters of this magnetic phase. There is clearly an interplay between the two phenomena which could be explained by a coupling between localized and itinerant Fe 3d electrons [23] .
